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Abstract: Comprehending the unique characteristics of structured ultrafast optical pulses is 
essential to the physics, applications and instrumentations of ultrafast lasers. However, full-
vectrorial characterizations of the pulses remain challenging because of their multiple degrees of 
freedom. In this work, we implement and demonstrate the vectorial interferometric polarimeter 
for electric-field reconstruction (VIPER) which, for the first time, is able to precisely determine 
the specific three-dimensional E-field at every spatial-temporal coordinate throughout the entire 
detection region. This metrology provides a powerful tool for advanced ultrafast optics and paves 
the way for design optimization of ultrafast optics by providing the full information of the pulses, 
facilitating its applications in optical physics research, pump-probe spectroscopy and laser-based 
manufacturing. 
Main Text: An optical pulse is usually a complicated classical electromagnetic field that can be 
described by its electric E(x,y,z,t) part as a three-dimensional time-varying vector field. The 
multidimensional, and vectorial reality of the optical pulse suggests that it can be structured in 
the spatial (1), or spectral-temporal (2) domain, as well as in its polarization states (3) 
individually or, in most cases, cooperatively. Kindled by the revolutionary development of pulse-
shaping techniques, the capability to tailor optical pulses have brought immense impact to the 
spectroscopy (4), microscopy (5), lightwave communications (6), ultrafast optical imaging (7), 
optical trapping and tweezing (8), particle acceleration (9), material processing (10), and 
quantum sciences (11, 12). Comprehensive and multidimensional characterization of these 
complicated electromagnetic radiations, therefore, plays an ever-increasing role in not only the 
accurate generation, meticulous modulation, and adaptive optimization of the structured light, 
but also the basic investigation of light-matter interactions.  
Established spectral analysis methods (13–19), can resolve the temporal structures and the 
spectral phases, but the spatial and polarization profiles cannot be fully acquired. Although 
Mitchell et al. has partially characterized the polarization properties of wideband shaped beams 
(20), the spectral phases and temporal information are not maintained. While attosecond 
metrology can reconstruct the vectorial optical field for the ultrashort pulses, the spatial 
structures are unresolvable (21, 22). To comprehensively understand the fundamental vectorial 
nature of complex optical pulses, we implement and demonstrate a vectorial interferometric 
polarimeter for electric-field reconstruction, termed VIPER to precisely determine the specific 
three-dimensional E-field vector at every spatial-temporal point throughout the entire pulse. 
VIPER simultaneously records the polarization sensitive, horizontal (H channel) and vertical (V 
channel) auto-correlation functions of the self-referenced E-field in ultra-high spatial and 
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temporal resolution (Fig. 1A). The three components of the field, especially the z component 
which has not previously been reported in literature, will be calculated by using the geometric 
Fresnel equations in spectral domain. 
The spectral amplitude and phase for the H and V channels, E (, , 	) and E(, , 	), 
respectively, can be calculated after applying the standard techniques for spatially resolved 
Fourier transform spectrometer. As shown in Fig. 1B, the beam splitting interface, plane , 
divides the incident light into the transmitted part, E, and reflected part, E where  and  are base vectors determined by the normal of , , and the unit wave vector, , which is the 
normal of wavefront , superscript ‘S’ stands for ‘sample’, such that:  
⎩⎪⎪
⎨⎪
⎪⎧ = ( × )| × | = ( × )| × | = ||
 
Therefore, E and E can be described as E /( ∙ !) and E/( ∙ "), respectively.  
Then, the x, y, and z components of the incident light can be written as: 
#E$ = E ∙ ! + E ∙ !E& = E ∙ " + E ∙ "E' = E ∙ ( + E ∙ (  
The spatial-temporal E-field, )(, , *), can be calculated by the inverse Fourier transformation 
of )+ (, , 	) =  [E$, E& , E']., where ‘T’ denotes transpose operator. 
 
Fig. 2 presents the VIPER based full vectorial characterizations of the optical pulse with south 
pole state of the HOP sphere with a topological charge / = +1 produced by an orbital angular 
momentum-carrying femtosecond laser developed in-house. The doughnut-shaped amplitude 
structures observed in Fig. 2A(i-iv) are well matched with the conventional characterizations of 
this sample beam. However, the z component (Fig. 2A(iv)), mainly generated by the small 
angle (12 = 1.68°) between the sample and reference beam, also demonstrates the similar 
structure but with 1% ± 0.2% of the corresponding maximum of total amplitude. The 
background-cleaned spatial-spectral phases (Fig. 2B(i-iii)) show a delicate spiral structure that 
corresponds to the theoretical helicity of +1 at 1026.6 nm. Fig. 2C(i-iii) are the well-defined 
polarization ellipses corresponding to the pairs of (;+$, ;+&), (;+$, ;+') and (;+' , ;+&) calculated 
from Fig. 2A and Fig. 2B, respectively. Fig. 2C(i) globally shows the right-handed elliptical 
polarization well-matched with the designed polarization structure of the input beam. 
Furthermore, Fig. 2C(ii-iii) demonstrate nearly perfect linear polarization because of the tiny 
value of the z component. The corresponding gray background pattern are the first component 
of Stokes parameters. Fig. 2D(i) (Video S1) and Fig. 2D(ii-iv) are the spatial-temporal 
amplitudes of the total and individual electric field components, respectively. The shown 
isosurfaces (cyan and green) shown are set at 0.3 and 0.5 of the total maximum amplitude, 
respectively. The slice shows the energy density distribution at 482.9 fs (plane <). Both the 
doughnut-shaped features in the spatial domain, and temporal structure with ~522.8 fs full 
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width at half maximum (FWHM) time duration are revealed in Fig.2D. Fig. 2E(i) (Video S2) 
provides the 3D visualization of global vectorial structure. Fig. 2E(ii-iii) (Video S3-S4) the 
corresponding 5.1X and 8.5X zoomed of Fig. 2E(i) viewed at points = and > indicated in Fig. 
2E(i) with the angle of view (0, ?) and (3?/2, ?/2), respectively. The color and scale of the 
arrows denote the magnitude, and the direction corresponds to the direction of the E-field. 
Presenting the evolutions of the E-field versus time at the given spatial points, Fig. 2E(ii-iii) 
demonstrate the temporal modelated polarization states. Fig. 2E(iv) (Video S5) is the electric 
(red arrows) and magnetic (green arrows) fields projected on <. The magnetic field is 
determined by using the geometric relationship between ), A, and . It is clearly shown 
through the directions of the electric or magnetic field that the phase varies across < produced 
by 12 and the intrinsic phase of the incident pulse. The results presented in Fig. 2 validate the 
capability of VIPER for obtaining comprehensive information of complex optical pulses by 
resolving the 3D electric and magnetic field vectors throughout the entire detection regine. 
 
Fig. 3 indicates another important practical circumstance that VIPER can multidimensionally 
probe the scattered optical pulses generated by inserting an optical cleaning tissue before the 
PBS with the original left-handed circular polarization and Hermite–Gaussian (0,0) mode 
carrying incident beam. Fig. 3A(i) is the polarization ellipses of the pair (;+$, ;+&), which shows 
the modulated left-handed circular polarization at 1031.9 nm. Similarly with Fig. 2C(ii-iii), 
Fig. 3A(ii-iii) demonstrate nearly perfect linear polarization because of the tiny value of the z 
component. the spatial-temporal amplitude of the total and individual E-field components and 
the energy density distribution at 196.3 fs (plane B) demonstrate the spatial domain speckle 
patterns. Modulated by the optical cleaning tissue, the amplitude characterization helps signify 
the complexity of the spatial-temporal configurations that reveals the scattering and absorbing 
properties of the medium. Fig. 3C(i) (Video S7) depicts the 3D vectorial structure of the entire 
pulse. Fig. 3C(ii-iii) (Video S8-S9), the 5.1X and 8.5X zoomed of Fig. 3C(i) observed at points = and >, as shown in Fig. 3C(i) with the angle of view (0, ?) and (3?/2, ?/2), respectively. In 
Fig. 3C(iv) (Video S10), the electric (red arrows) and magnetic (green arrows) fields projected 
on B demonstrate the polarizing sensitive modulation, by the scattering medium, on the optical 
properties of the incident pulse. By comprehensively and vectorially characterizing the ultrafast 
scattering fields, VIPER provides a promising foundation for investigating the optical 
properties of the matters as well as the pump-probe spectroscopy. 
  
We have introduced the initial concept and the first implementation of VIPER for arbitrary 
input ultrafast optical patterns. The proposed methodology can completely manifest the full 
characterization of the spatial-temporal amplitudes of the three components of an ultrafast 
optical radiation carrying a complex polarization state through the whole detection region. It is 
proved to be a substantial tool for advanced ultrafast optics and paves the way for designing 
optimization of ultrafast optics by providing the full information of the pulses, facilitating its 
applications in optical physics research, pump-probe spectroscopy and laser-based 
manufacturing. 
4 
 
References and Notes: 
1. H. Frostig, E. Small, A. Daniel, P. Oulevey, S. Derevyanko, Y. Silberberg, Focusing light by 
wavefront shaping through disorder and nonlinearity. Optica. 4, 1073 (2017). 
2. S. Divitt, W. Zhu, C. Zhang, H. J. Lezec, A. Agrawal, Ultrafast optical pulse shaping using 
dielectric metasurfaces. Science (80-. ). 364, 890–894 (2019). 
3. T. Brixner, G. Gerber, Femtosecond polarization pulse shaping. Opt. Lett. 26, 557 (2001). 
4. S. A. Diddams, L. Hollberg, V. Mbele, Molecular fingerprinting with the resolved modes of 
a femtosecond laser frequency comb. Nature. 445, 627–630 (2007). 
5. S. W. Hell, J. Wichmann, “Breaking the diffraction resolution limit by stimulated emission: 
stimulated-emission-depletion fluorescence microscopy” (1994). 
6. I. S. Lin, J. D. McKinney, A. M. Weiner, Photonic synthesis of broadband microwave 
arbitrary waveforms applicable to ultra-wideband communication. IEEE Microw. Wirel. 
Components Lett. 15, 226–228 (2005). 
7. K. Nakagawa, A. Iwasaki, Y. Oishi, R. Horisaki, A. Tsukamoto, A. Nakamura, K. Hirosawa, 
H. Liao, T. Ushida, K. Goda, F. Kannari, I. Sakuma, Sequentially timed all-optical mapping 
photography (STAMP). Nat. Photonics. 8, 695–700 (2014). 
8. J. K. Jang, M. Erkintalo, S. Coen, S. G. Murdoch, Temporal tweezing of light through the 
trapping and manipulation of temporal cavity solitons. Nat. Commun. 6 (2015), 
doi:10.1038/ncomms8370. 
9. L. J. Wong, F. X. Kärtner, Direct acceleration of an electron in infinite vacuum by a pulsed 
radially-polarized laser beam. Opt. Express. 18, 25035 (2010). 
10. J. Hamazaki, R. Morita, K. Chujo, Y. Kobayashi, S. Tanda, T. Omatsu, Optical-vortex laser 
ablation. Opt. Express. 18, 2144 (2010). 
11. R. J. Levis, G. M. Menkir, H. Rabitz, Selective bond dissociation and rearrangement with 
optimally tailored, strong-field laser pulses. Science (80-. ). 292, 709–713 (2001). 
12. A. Assion, T. Baumert, M. Bergt, T. Brixner, B. Kiefer, V. Seyfried, M. Strehle, G. Gerber, 
Control of chemical reactions by feedback-optimized phase-shaped femtosecond laser pulses. 
Science (80-. ). 282, 919–922 (1998). 
13. M. Kaschke, K. H. Donnerhacke, M. S. Rill, Optical Devices in Ophthalmology and 
Optometry: Technology, Design Principles and Clinical Applications (Wiley Blackwell, 
2014), vol. 9783527410. 
14. R. Trebino, D. J. Kane, Using phase retrieval to measure the intensity and phase of ultrashort 
pulses: frequency-resolved optical gating. J. Opt. Soc. Am. A. 10, 1101 (1993). 
15. C. Iaconis, M. E. Anderson, I. A. Walmsley, Spectral phase interferometry for direct electric 
field reconstruction of ultrashort optical pulses. Springer Ser. Chem. Phys. 63, 103–105 
(1998). 
16. M. Miranda, M. Kotur, P. Rudawski, C. Guo, A. Harth, A. L’Huillier, C. L. Arnold, 
Spatiotemporal characterization of ultrashort laser pulses using spatially resolved Fourier 
transform spectrometry. Opt. Lett. 39, 5142 (2014). 
5 
 
17. D. S. Brown, The application of shearing interferometry to routine optical testing. J. Sci. 
Instrum. 32, 137–139 (1955). 
18. B. Lam, C. Guo, Complete characterization of ultrashort optical pulses with a phase-shifting 
wedged reversal shearing interferometer. Light Sci. Appl. 7 (2018), doi:10.1038/s41377-018-
0022-0. 
19. G. Pariente, V. Gallet, A. Borot, O. Gobert, F. Quéré, Space-time characterization of ultra-
intense femtosecond laser beams. Nat. Photonics. 10, 547–553 (2016). 
20. L. Gallmann, G. Steinmeyer, D. H. Sutter, T. Rupp, C. Iaconis, I. A. Walmsley, U. Keller, 
Spatially resolved amplitude and phase characterization of femtosecond optical pulses. Opt. 
Lett. 26, 96 (2001). 
21. P. Gabolde, R. Trebino, Self-referenced measurement of the complete electric field of 
ultrashort pulses. Opt. Express. 12, 4423 (2004). 
22. K. J. Mitchell, N. Radwell, S. Franke-Arnold, M. J. Padgett, D. B. Phillips, Polarisation 
structuring of broadband light. Opt. Express. 25, 25079 (2017). 
23. C. Chen, Z. Tao, C. Hernández-Garciá, P. Matyba, A. Carr, R. Knut, O. Kfir, D. Zusin, C. 
Gentry, P. Grychtol, O. Cohen, L. Plaja, A. Becker, A. Jaron-Becker, H. Kapteyn, M. 
Murnane, Physics: Tomographic reconstruction of circularly polarized high-harmonic fields: 
3D attosecond metrology. Sci. Adv. 2 (2016), doi:10.1126/sciadv.1501333. 
24. P. Carpeggiani, M. Reduzzi, A. Comby, H. Ahmadi, S. Kühn, F. Calegari, M. Nisoli, F. 
Frassetto, L. Poletto, D. Hoff, J. Ullrich, C. D. Schröter, R. Moshammer, G. G. Paulus, G. 
Sansone, Vectorial optical field reconstruction by attosecond spatial interferometry. Nat. 
Photonics. 11, 383–389 (2017). 
Acknowledgments: Funding: National Institutes of Health (R01HL-125084, R01HL-127271, 
R01EY-026091, R01EY-028662, and P41EB-01890); Air Force Office of Scientific Research 
(FA9550-17-1-0193); C.J. was supported by the National Science Foundation (DGE-1839285); 
In addition, the authors would like to thank Jing-Gao Zheng, PhD and Buyun Zhang, PhD for 
their meaningful discussion. Author contributions: T.H., L.Q. and Z.C. conceived and designed 
the research. Z.C. supervised the project. T.H. performed the experiments, data processing, 
numerical models, and numerical analysis. J.C. and Y.M. performed the simulation. L.Q., J.C., 
Y.M., and Z.Z. assisted in experiments. All the authors discussed the results and prepared the 
manuscript; Competing interests: Authors declare no competing interests; and Data and 
materials availability: All data is available in the main text or the supplementary materials. 
6 
 
  
Fig. 1. Vectorial interferometric polarimeter for electric-field reconstruction (VIPER). (A) 
Schematic diagram of the VIPER. BS = beamsplitter cube; PBS = polarizing beamsplitter cube; 
OW = optical window; NDF = neutral density filter, SHG-FROG = the second-harmonic 
generation frequency-resolved optical gating. The red and blue arrows respectively denote the 
direction of the sample and reference beam. The global (associated with the laboratory) and local 
(with the PBS) reference systems are denoted by OXYZ and oxyz, respectively. (B) Geometry of 
the beam splitting interface (plane , gray surface) of the PBS. The yellow, pink, cyan and 
chocolate arrows denote the bases for p, s polarizations, normal of  and unit wavevector for the 
incident light, respectively. (C) Geometry of the polarizer. The directed angle between the 
transmission axis of the polarizer and the X-axis is usually set to +45°. 
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Fig. 2. Full vectorial characterizations of the optical pulse with south pole state of the 
higher-order Poincaré (HOP) sphere (topological charge E = +F). (A) and (B) the spatial-
spectral amplitude of the total and individual E-field components, as well as the corresponding 
phase at 1026.6 nm. (C) the polarization ellipses and the first component of Stokes parameters 
for the pairs (;+$, ;+&), (;+$, ;+') and (;+' , ;+&) at 1026.6 nm, respectively. The green line denotes 
the left-handed polarization, as the red to right-handed polarization, and blue to linear 
polarization. (D) the spatial-temporal amplitude of the total and individual E-field components. 
The isosurfaces (cyan and green) shown are set at 0.3 and 0.5 of the total maximum amplitude, 
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respectively. The slice shows the energy density distribution at 482.9 fs (plane <). (E) (i) the 3D 
global vectorial structure. (ii-iii) the 5.1X and 8.5X zoomed figures of (i) observed at point = and > (shown in (i)) with the angle of view (0, ?) and (3?/2, ?/2), respectively. The color and scale 
of the arrows denote the magnitude, and the direction corresponds to the direction of the E-field. 
(iv) the electric (red arrows) and magnetic (green arrows) fields projected on < with background 
of the corresponding energy density distribution. Scale bars represent 1 mm. 
  
9 
 
 
Fig. 3. Full vectorial characterizations of the scattered optical pulse. (A) the polarization 
ellipses and the first component of Stokes parameters for the pairs (;+$, ;+&), (;+$, ;+') and (;+', ;+&) 
at 1031.9 nm, respectively. (B) the spatial-temporal amplitude of the total and individual E-field 
components. The isosurfaces (cyan and green) shown are set at 0.3 and 0.5 of the total maximum 
amplitude, respectively. The slice shows the energy density distribution at 196.3 fs (plane B). 
(C) (i) the 3D global vectorial structure. (ii-iii) the 5.1X and 8.5X zoomed figures of (i) observed 
at point = and > (shown in (i)) with the angle of view (0, ?) and (3?/2, ?/2), respectively. The 
color and scale of the arrows denote the magnitude, and the direction corresponds to the direction 
of the E-field. (iv) the electric (red arrows) and magnetic (green arrows) fields projected on B 
with background of the corresponding energy density distribution. Scale bars represent 1 mm. 
  
 
